18 F]fluorodeoxyglucose positron emission tomography ( 18 FDG-PET) data from patients suffering amnesia following herpes encephalitis (n ϭ 7) or frontal lobe pathology (n ϭ 14) were compared with data from age-matched nonamnesic subjects (n ϭ 10). All subjects received structural MRI, resting 18 FDG-PET scans, and neuropsychological evaluation. PET data were analyzed using complementary statistical parametric mapping and region-of-interest methods. Differential patterns of hypometabolism were found in patients relative to healthy controls. Factor analysis of the neuropsychological data revealed that memory performance was associated with retrosplenial and medial temporal metabolism, and executive function was associated with dorsolateral frontal metabolism. The association between memory performance and retrosplenial metabolism remained statistically significant after accounting for measures of cerebral atrophy using MRI. The significance of the retrosplenium as a major relay station between the thalamus and the medial temporal and frontal lobes-sensitive to changes in either-is discussed in the light of the findings.
In both the neuropsychological (lesion) and neuroimaging (functional activation) literatures, there is considerable debate regarding the respective contributions of the medial temporal structures and the frontal lobes in memory formation (Kopelman, 2002) . Whereas lesion studies had pointed to a direct role of the medial temporal lobes in memory "consolidation" and of the frontal lobes in the more "executive" aspects of memory, early functional imaging studies highlighted the frequency with which the frontal lobes were activated during memory encoding and retrieval (Grasby et al., 1993; Kapur et al., 1994; Shallice et al., 1994) . Moreover, subsequent lesion studies have drawn attention to the direct effects of frontal lesions on various aspects of memory processing Wheeler, Stuss, Tulving, 1995) . One question that follows from the overlap in the effects of frontal and medial temporal lesions on memory processes concerns whether these result from distal metabolic effects on the medial temporal lobes (in the case of large frontal lesions) or on the frontal lobes (in the case of medial temporal lesions). The present article addresses this issue using [ 18 F]fluorodeoxyglucose positron emission tomography ( 18 FDG-PET) measures of metabolism, and it examines the degree of association between medial temporal and frontal metabolism and memory performance and executive function, respectively.
Studies of "resting" 18 FDG-PET in patients are potentially important in a number of different ways: First, they detect the overall location and extent of any abnormalities in glucose metabolism arising directly from cerebral pathology. Second, they may reveal sites of altered function that are distant from the primary structural pathology (Fazio et al., 1992; Kapur, Thompson, Kartsounis, & Abbot, 1999; Kuhl et al., 1980) . Third, the current interest in the neuroimaging of memory activation in healthy subjects (Kopelman, Stevens, Foli, & Grasby, 1998; Maguire, 2001a; Montaldi et al., 1998; Rugg, 2002; Schacter, Alpert, Savage, Rauch, & Albert, 1996) suggests that abnormalities in baseline or "resting" metabolism should ideally be specified before such techniques are applied to patient groups, especially where group-mapping methods are applied. In particular, 18 FDG-PET is cerebral-blood-flow insensitive (Phelps et al., 1979) and, hence, not susceptible to the confounding factors of cerebrovascular disease and drug exposure, unlike methods used in activation studies. In previous 18 FDG-PET studies, differing techniques of analysis (assumptions, statistics, inference) have been used, and any inconsistencies and discrepancies between these different methods need to be clearly identified (Reed et al., 1999) .
Patients with severe memory disorder resulting from acute hypoxic episodes have been investigated in a series of studies. Kuwert et al. (1993) reported thalamic hypometabolism in 3 patients, medial temporal hypometabolism in 2 patients, and involvement of the caudate nucleus and cerebellum in 1 case each. Markowitsch, Weber-Luxenberger, Ewald, Kessler, and Heiss (1997) found altered metabolism in the thalami, in the medial and lateral temporal lobes, and in the occipitoparietal regions bilaterally in a case of cardiac arrest in which MRI revealed atrophy without "specific brain damage." Reed et al.'s (1999) study of 4 patients who had suffered severe amnesia following episodes of acute hypoxia revealed bilateral thalamic and retrosplenial hypometabolism, associated with evidence of medial temporal lobe (hippocampal and parahippocampal) atrophy on MRI brain scans. These findings were interpreted as indicating that structural lesions can indeed have distal metabolic effects on brain structures elsewhere. Somewhat similar but more severe abnormalities were found in a profoundly amnesic patient following an overdose of MDMA (ecstasy): In this case, the thalami and retrosplenium were involved bilaterally as well as the left medial temporal region (Kopelman, Reed et al., 2001 ).
There have also been 18 FDG-PET studies of patients whose chronic memory disorder resulted from the alcoholic Korsakoff syndrome. Paller et al. (1997) found widely distributed cerebral hypometabolism in the absence of thalamic or medial temporal change. Martin et al. (1992) found little difference between Korsakoff patients and controls, and Joyce et al. (1994) reported hypometabolism in the anterior cingulate and medial temporal lobes. In a recent study by Reed et al. (2003) , Korsakoff patients were shown to have white matter hypermetabolism and relative hypometabolism in diencephalic and retrosplenial gray matter, with a variable degree of frontotemporal hypometabolism across individual participants. Fazio et al. (1992) proposed that in organic amnesia, there is a significant reduction of metabolism throughout limbic-diencephalic circuits on FDG-PET, whatever the site of the primary structural pathology. This proposal was based on findings from 11 amnesic patients with a variety of underlying pathologies. However, Fazio et al. did not report the individual findings from their different patient groups, raising concerns as to the generalizability of their findings (but see Signorini et al., 1999) . Aupée et al. (2001) used voxel-based mapping methods to compare FDG-PET measures of metabolism in 3 Korsakoff patients and 2 hypoxic patients. In this group as a whole, the authors found bilateral hypometabolism in the thalamus, the posterior cingulate, and the mesial prefrontal cortex (near the anterior cingulate gyrus) as well as in the left supramarginal and middle temporal gyri. This overall pattern was also seen in individual patients, although there were some minor differences.
The contribution of the retrosplenial cortex to memory formation, seldom recognized in the lesion literature (e.g., Rudge & Warrington, 1991; Valenstein et al., 1987) , has much more frequently been identified within recent functional-imaging/neuroanatomical-mapping investigations. Studies of the trajectories of cholinergic pathways arising from the nucleus basalis show a dense innervation of the retrosplenial cortex by the medial fiber bundle, strongly implicated in memory processing (Selden, Gitelman, Salamon-Murayama, Parrish, & Mesulam, 1998) . More generally, Morris, Petrides, and Pandya (1999) used anterograde and retrograde tracers to demonstrate close connectivity between the retrosplenial cortex and the medial temporal lobes and dorsolateral prefrontal cortex. In functional-imaging studies, Kennedy et al. (1995) reported impairments in retrosplenial cortical metabolism in familial Alzheimer dementia, and more recently, Desgranges et al. (2002) reported retrosplenial cortical hypometabolism that correlated with recall test scores in early Alzheimer dementia. Work in our own group has shown retrosplenial hypometabolism in amnesia arising from anoxia (Reed et al., 1999) , MDMA toxicity (Kopelman, Reed, et al., 2001) , and the Korsakoff syndrome (Reed et al., 2003) . Taken together, these reports suggest that hypometabolism in this region is commonly associated with memory impairments, whatever the underlying etiology.
In the present article, we report findings in two more groups of memory-disordered patients: those with herpes encephalitis (with structural pathology affecting the temporal lobes, as demonstrated on MRI) and those with large frontal lobe lesions (as delineated on structural MRI). In particular, we examine the pattern of association between our FDG-PET findings and measures of memory and executive test function, using factor analyses from a series of cognitive tests. Both region-of-interest (ROI) and voxel-based statistical parametric mapping (SPM) analyses were used because their differing assumptions make it important to identify convergent or discrepant findings (Desgranges et al., 1998; Kennedy et al., 1995; Reed et al., 1999 Reed et al., , 2003 . In particular, the large lesions present in this patient group lead to significant distortions in cerebral anatomy that may interfere with transformation into standard reference space used in SPM: Hence, ROI-based analysis provides a means to address this potential artifact.
The main purposes of this study were 1. to examine the pattern of metabolic impairment in the case of the large lesions seen in the herpes encephalitis and frontal lesion groups and to investigate whether there are indeed common patterns of abnormal metabolism, possibly involving brain regions distal to the principal sites of lesion within these groups. 2. More fundamentally, we examined the regional metabolic correlates of anterograde memory impairment and executive dysfunction in these memory-disordered patients. Our a priori hypotheses were (a) that anterograde memory impairment would be reflected in impaired metabolic activity in the memory circuits-specifically including the medial temporal lobes, retrosplenium, and thalamus-and that (b) executive dysfunction would be associated with impaired metabolic activity in frontal, particularly dorsolateral, cortical structures. 3. Lastly, we examined whether the relationships observed could be accounted for by cerebral atrophy using measures derived from quantitative MRI.
Method

Subject Groups
The samples from which these patients were recruited have been described in greater detail elsewhere (Kopleman, Lasserson, et al., 2001; Kopelman, Stanhope, & Kingsley, 1999) . There were 8 patients who were assessed 2 weeks following a bilateral frontal tractotomy. In this operation, yttrium rods were implanted in the frontal lobes for treatment of chronic affective disorders. On MRI scans, the yttrium rods could be seen in the medial and midfrontal white matter, surrounded by a small area of radiation necrosis and a much larger area of edema. These patients were assessed after any confusion had subsided, usually in the 2nd or 3rd postoperative week, on the basis of the observations of Kartsounis, Poynton, Bridges, and Bartlett (1991) that these patients behaved most like patients with large frontal lesions at this time. Figures 1A and 1B show the PET changes observed in comparison with control subjects; these changes were highly consistent across individual subjects in this subgroup. Kartsounis et al. demonstrated statistically significant impairments on executive-frontal tests 2 weeks postoperatively, although those deficits were not present either preoperatively (despite severe depression) or 6 months later.
There were 6 patients with focal frontal lesions. One patient had old leucotomy scars from a bilateral operation 18 years before testing, and the others had lesions resulting from glioma, hematoma, infarcts, or craniotomy. On MRI, 3 of these 6 patients had right frontal lesions, 1 had a left frontal lesion, and 2 had bilateral medial frontal lesions. Figures 1C-1G show the PET changes observed in 5 of these 6 patients in comparison with control subjects. Within the total frontal group (N ϭ 14), the mean age was 45.4 years (Ϯ10.4).
There were 7 patients with probable or definite (antibody-confirmed) herpes encephalitis (mean age ϭ 43.6 years [Ϯ15.6]), all of whom had computerized tomography and MRI evidence of temporal lobe damage. Figures 2A-2G show the PET changes observed in all 7 patients in comparison with control subjects. These comprised 3 subjects with bilateral, 3 with predominantly left-sided, and 1 with predominantly right-sided temporal involvement.
Ten healthy subjects served as controls. These were 10 volunteers from a larger group of 20 healthy subjects who had taken part in cognitive studies. The 10 volunteers were somewhat younger as a group (mean age ϭ 39.0 years [Ϯ13.3]) than the larger group of controls (mean age ϭ 45.9 years [Ϯ13.7]), but otherwise they were matched in terms of current IQ, memory indexes, and scores on frontal-executive tests.
All of these subjects had undergone detailed MRI investigations, and the results have been published elsewhere (Colchester et al., 2001; Kopelman, Lasserson, et al., 2001; Kopelman et al., 2003) . Table 1 shows background neuropsychological test scores in these subject groups. As can be seen, there were no significant differences across these groups in terms of estimated premorbid IQ (National Adult Reading Test; Nelson & Willison, 1991) , current IQ (Wechsler Adult Intelligence Scale-Revised; Wechsler, 1981) , attention-concentration (Wechsler Memory Scale [WMS-R]; Wechsler, 1987) , or card-sorting categories scores (Nelson, 1976) . There were significant differences in terms of the general (immediate) memory index (or quotient; GMQ) from the WMS-R, delayed memory recall (or quotient; DMQ) from the WMS-R, FAS verbal fluency (Benton, 1968) , card-sorting percent perseverative errors, and cognitive estimates scores (Shallice & Evans, 1978) . In general, the herpes encephalitis patients showed the most severe impairment in terms of memory indexes, as would be expected, whereas the frontal tractotomy group and (to a lesser extent) the focal frontal lesion group showed the more severe decrements on executive tasks.
Cognitive Tasks Used in the Correlational Analyses
Cognitive tests were selected to test the hypotheses articulated above. Three standard measures of executive function were used: FAS verbal fluency (Benton, 1968) , card-sorting categories and percent perseverative errors (Nelson, 1976) , and cognitive estimates (Shallice & Evans, 1978) . Two standard measures of anterograde memory were used: the GMQ and the DMQ from the WMS-R (Wechsler, 1987) . In addition, data from four memory tasks from previous experimental investigations in these subjects were available. The first of these was a word recall test, in which subjects were presented with a 16-word list, which they were required to recall after a filled interval of 30 s . Second, there was a picture recall test , in which subjects were shown a series of pictures, and free recall was tested after a filled interval of 20 s. Subjects' scores at 20 s (which had been the first delay in a forgetting task) were used to calculate correlations with PET metabolism. Third, in an object recognition test (Kopelman, Stanhope, & Kingsley, 1997) , 32 line drawings were presented to subjects (in two sets of 16 each, 45 min apart), and a yes/no recognition test was administered 10 min after presentation of the second set. Fourth, in a stem completion task fluorodeoxyglucose uptake, with occipital uptake as reference covariate, compared with control subjects (n ϭ 10), displayed on a reference MRI in the horizontal (z) plane as specified ( p Ͻ .001, corrected for multiple comparisons). , subjects were presented with lists of 17 words (12 target words and 5 buffer items). At a 1-min delay, subjects were presented with 12 three-letter word stems and given, first, an inclusion instruction (to use the stems to recall the words presented) and then an exclusion instruction (to complete the stems with words other than those previously presented). From these results, a recollection score (explicit memory) and an automaticity score (implicit memory) were calculated using Jacoby and Kelley's (1992) formula. All cognitive measures were subject to z transformation before principal components analysis with varimax rotation, using the Statistical Package for Social Sciences for Windows (Version 10).
Acquisition of FDG-PET Data
Measurements of cerebral metabolic rate for glucose (rCMRglc) were performed using the tracer 18 FDG (Huang et al., 1980; Phelps et al., 1979 ) using a CTI ECAT 951R PET camera (CTI/Siemens, Knoxville, TN). The field of view was 10.8 cm and centered on the cerebral areas of interest comprising frontal and temporal lobes and the diencephalon. In most subjects, this resulted in the loss of superior parietal and inferior cerebellar cortex. Each reconstructed image was displayed in a matrix of 128 ϫ 128 ϫ 31 voxel format, each voxel measuring 2.09 ϫ 2.09 ϫ 3.43 mm; image resolution was 8.5 ϫ 8.5 ϫ 5.5 mm full-width at half-maximum (FWHM).
The subject's head was placed in the scanner with a supportive headrest to minimize head movement, aligned axially and to the orbitomeatal line (approximating to the AC-PC line), which was checked at intervals during image acquisition and corrected if drift was identified. Subjects were scanned lying supine in a darkened room with their eyes closed. Subjects were fitted with an intravenous cannula into the right antecubital vein, allowing injection of approximately 185 MBq FDG as a slow bolus over 30 s. Thirty min after injection, images were acquired over a 30-min period. Nine out of 10 controls, 5 out of 7 herpes patients, 5 out 6 focal frontal patients, and 5 out of 8 frontal tractotomy patients were agreeable to and tolerated arterialized-venous sampling, allowing correction of data to true metabolic rate or rCMRglc using the autoradiographic method (Huang et al., 1980; Phelps et al., 1979) .
Strategy for Analysis of FDG-PET Data
Two complementary approaches (ROI, SPM) were adopted for analysis of the FDG-PET images. ROI analysis was performed on the anatomical FDG-PET images both to derive measures necessary for occipital cortical normalization and to serve as a check on the validity of the spatial normalization routines used in voxel-based parametric methods (SPM). Although such spatial normalization routines are customarily accepted as valid in healthy subject and some patient groups, the asymmetrical nature and large volume of the lesions present in our patient groups made it relevant to cross-validate the SPM findings using ROI, as has been done previously in a minority of studies (Desgranges et al., 1998; Kennedy et al., 1995; Reed et al., 1999 Reed et al., , 2003 .
ROI Analysis of FDG-PET Data
All image transformations and analyses were performed on a Sun SPARC workstation (Sun Computers Europe Inc., Surrey, United Kingdom) using proprietary image-analysis software (CTI/Siemens, Knoxville, Figure 2 . Temporal lesion subjects: The findings in patients with herpes encephalitis, illustrating the highly variable pattern of temporal lobe involvement, with bilateral temporal lobe hypometabolism in some and unilateral left or right hypometabolism in others. All figures are statistical parametric mapping (SPM96) maximal-intensity projections showing regional reductions in fluorodeoxyglucose uptake, with occipital uptake as reference covariate, compared with control subjects (n ϭ 10), displayed on a reference MRI in the horizontal (z) plane as specified ( p Ͻ .001, corrected for multiple comparisons). TN). Reconstructed images were aligned to the AC-PC plane using an interactive alignment program and resliced, and adjacent planes were summed to give 15 planes approximately aligned to the Talairach atlas (Talairach & Tournoux, 1988) . The resulting images were sampled using 6-mm diameter circular regions of interest that were placed with reference to the Talairach atlas and adjusted according to individual FDG-PET anatomy. In the case of clearly visible cerebral lesions, ROIs were placed in symmetry with the contralateral cortex and, thus, sampled the area of damage. An example template for the ROIs appears in Reed et al. (2003) , and the template for all 206 ROIs placed on each brain is available from the authors. As a measure of interrater reliability, a group of subject images was sampled by two observers independently: The intraclass correlation coefficient was .86, indicating high interrater reliability. Activity measurements were expressed as a ratio to occipital activity for each individual. The choice of occipital cortex as a reference region was based, first, on the absence of reports of its involvement in most amnesic disorders and, second, on the observation that no significant difference in occipital metabolism was obtained in subjects for whom absolute metabolic values were available. Expression of values as a ratio to a reference region has been widely used to reduce interindividual variation in quantitative imaging (Reed et al., 1999) . In the case of images corrected to give absolute values of glucose metabolism (rCMRglc), ROI data were expressed as mol glc/100g/min.
SPM of FDG-PET Images
FDG-PET images were further analyzed using the SPM programs SPM95 and SPM96, developed at the Wellcome Department of Cognitive Neurology (University College London, United Kingdom), and implemented in Matlab (Version 4.2c; MathWorks Inc., Sherborn, MA). Each subject's scan was transformed into standard stereotactic space using affine and nonlinear deformation to the template provided in SPM95 (Friston, Ashburner, et al., 1995) to allow intersubject averaging and comparison, the quality of normalization being confirmed visually. Smoothing was performed on all scans using an isotropic Gaussian kemel of 18 mm (cf. Desgranges et al., 1998; Kennedy et al., 1995) so as to allow for differences in gyral anatomy between individuals and to increase signal-to-noise ratios (Friston, Ashburner, et al., 1995; Friston, Frith, Liddle, & Frackowiak, 1991; Friston, Holmes, et al., 1995) .
In the FDG-uptake ratio analyses (but not rCMRglc), the effect of interindividual variance in scans was removed by means of a voxel-byvoxel analysis of covariance (ANCOVA) with the value for mean occipital cortex signal obtained from the preceding ROI analysis as the reference covariate. Global FDG uptake was arbitrarily normalized to 50, and the threshold for inclusion of voxels for statistical analysis was 0.2 to include those brain regions showing profound reduction in FDG uptake observed in some subjects for further comparative and correlational analyses. Comparisons of individual patients with the group of healthy controls were made by definition of the appropriate linear contrasts within SPM96. Correlations between cerebral metabolism and cognitive function in the appropriate patient groups were made by means of a voxel-by-voxel ANCOVA with the appropriate cognitive measure as the covariate of interest. Clusters of voxels showing a peak Z score of Ͼ3.09 (threshold p Ͻ .001; corrected for multiple comparisons, p Ͻ .05) are conventionally considered to show significant correlations. However, given that these criteria are usually applied to functional activation studies with high autocorrelation between matched images rather than to a heterogenous lesion population, we reasoned that these multiple comparison criteria would be too stringent a test. Thus, for those regions predicted to show correlations by our a priori hypotheses, we accepted a lower uncorrected threshold of p Ͻ .05 (cf. Nestor, Fryer, Smielewski, & Hodges 2003) .
Results
ROI Analyses
The upper section of Table 2 shows regional FDG-uptake values in the frontal and temporal lobes (and their major subdivisions) across the subject groups, expressed as a ratio of occipital metabolism. There were no significant left-right hemisphere differences, and consequently, the mean values (plus or minus standard deviations) are shown for the combined left and right values for each brain region. It can been seen that there were significant differences in normalized regional FDG uptake across the groups in the dorsolateral frontal cortex, F(3, 27) ϭ 18.85, p Ͻ .0001; orbitomedial frontal cortex, F(3, 27) ϭ 16.16, p Ͻ .0001; total frontal cortex, F(3, 27) ϭ 21.88, p Ͻ .0001; and anterior cingulate, F(3, 27) ϭ 8.86, p Ͻ .0001. In each case, Student Newman-Keuls post hoc tests showed that both the focal frontal group and the frontal tractotomy group differed significantly from the healthy controls. There were no significant differences between the herpes encephalitis group and healthy controls on these frontal measures. The upper section of Table 2 also shows that there were significant differences across the groups for metabolism at the temporal poles, Note. NART-R ϭ National Adult Reading Test (2nd ed., Nelson & Willison, 1991) ; WAIS-R ϭ Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981) ; GMQ ϭ general memory quotient (Wechsler, 1987) ; DMQ ϭ delayed memory quotient (Wechsler, 1987) . a Student Newman-Keuls post hoc tests (patients vs. controls). b Wechsler (1987) . c Benton (1968) . d Nelson (1976) . e Shallice and Evans (1978) . *p Ͻ .05. **p Ͻ .01. ***p Ͻ .001.
F(3, 27) ϭ 9.15, p Ͻ .0001; the lateral temporal cortex, F(3, 27) ϭ 3.54, p Ͻ .05; the medial temporal lobes, F(3, 27) ϭ 14.96, p Ͻ .0001; and total temporal lobe metabolism, F(3, 27) ϭ 7.21, p Ͻ .001. In each of these cases, the post hoc test indicated that the herpes encephalitis group showed significant hypometabolism relative to the healthy controls, whereas the two frontal groups did not differ significantly from controls. In contrast, there were no significant differences between the groups in the inferior temporal lobe or in the anterior, posterior, inferior, or total thalamus; retrosplenium; parietal cortex; caudate; putamen; or cerebellum.
The lower section of Table 2 shows the findings from those patients in whom measures of absolute glucose metabolism (rCMRglc) values were obtained. In broad terms, the findings were consistent with the findings for FDG-uptake ratios in the larger group, except that the findings in the dorsolateral frontal and lateral temporal regions were no longer statistically significant, whereas the herpes encephalitis group now showed significantly reduced metabolism in the inferior temporal region. There were no significant differences across the groups in other brain regions on this analysis. It should be noted that the coefficient of variance was approximately 20% in measures of rCMRglc compared with coefficients of about 5% when expressed relative to occipital metabolism, emphasizing the sensitivity of the latter measure. Figure 1 shows frontal hypometabolism in typical patients with frontal lobe lesions. Figures 1A and 1B show the typical findings in 2 patients 2 weeks following bilateral frontal tractotomy: The findings in this group were very uniform and involved extensive regions of the orbitomedial, anterior cingulate, and dorsolateral prefrontal cortices. Figures 1C-1G show findings from 5 focal frontal patients, indicating the variety of regional frontal cortical involvement. Figure 2 shows the findings in all 7 patients with herpes encephalitis, showing bilateral temporal lobe hypometabolism in 3 cases, unilateral left hypometabolism in 3 others, and unilateral right medial temporal involvement in the last.
SPM Analysis
FDG-PET Cognitive Correlations
To avoid the problems of multiple comparisons across a large number of individual cognitive tests and regional FDG-PET measurements, we used findings from a factor analysis of our cognitive tests, which had been carried out in the total sample of patients in the context of our earlier neuropsychological investigations (Kopelman & . Table 3 shows the findings from this factor analysis, in which three main factors emerged. The first factor, accounting for 37.2% of the total variance, appeared to be a memory factor, with high loadings of GMQ, DMQ, word recall, picture recall, and picture recognition and recollection and a negative loading of the automaticity score. The second factor, accounting for 27.1% of the variance, appeared to be a marker of executive function, with negative loadings of FAS verbal fluency and card-sorting categories and positive loadings of card-sorting perseverations and cognitive estimates scores. A third factor identified was harder to interpret with implicit automaticity memory scores and explicit picture recall scores loading in opposite directions. Figures 3A and 3B show voxel-based correlations using SPM between the memory factor and cerebral metabolism and identify significant correlations with medial temporal lobe metabolism bilaterally, extending posteriorly through parahippocampal gyri to the retrosplenial component of the posterior cingulate gyrus bilaterally. This was consistent with our a priori hypotheses. There was also a significant correlation between a large region of right lateral temporal cortex and the memory factor. Selected representative subtests loading on the memory factor are shown in Figures 3C  and 3D . Figure 3C shows voxel-based correlations using SPM between regional brain metabolism and the GMQ, indicating modest left temporal involvement, whereas no significant correlations were seen with DMQ. Figure 3D shows correlations with picture recall scores, conversely demonstrating more extensive retrosplenial cortical and right medial temporal involvement, together with more anterior temporal and frontal involvement.
Figures 4A and 4B show voxel-based correlations using SPM between the executive factor and cerebral metabolism, identifying significant correlations with the dorsolateral prefrontal cortex bilaterally (again, consistent with our a priori hypotheses), with less involvement of more medial and inferior frontal regions. Figures  4C and 4D show correlations between FAS verbal fluency scores and modified card-sorting percent perseverative errors, identifying bilateral but predominantly left medial frontal involvement.
For corroboration and subanalysis, correlations between the memory and executive factors and regional FDG-uptake values derived from ROI analysis in these patients were examined, and the results are shown in Table 4 . Within the combined patient group (n ϭ 21), there were significant correlations in the predicted direction (two-tailed) between the memory factor and our measures of regional glucose metabolism, most strongly in the retrosplenium (r ϭ .63, accounting for 39.7% of the variance; p ϭ .002), the medial temporal lobes (r ϭ .53, accounting for 28.1% of the variance; p ϭ .013), the temporal poles, and the total temporal lobe. In addition, there was a significant correlation between the executive factor and our measure of dorsolateral frontal metabolism (r ϭ .46, accounting for 20.8% of the variance; p ϭ .038). There were no significant left-right differences. In the herpes encephalitis group, taken in isolation, there was a significant correlation between the memory factor and retrosplenial cortical metabolism (r ϭ .70, p Ͻ .05), and in the frontal group this was also significant (r ϭ .57, p Ͻ .05). In the frontal group, taken in isolation, there was a near-significant correlation between the executive factor and dorsolateral frontal cortical metabolism (r ϭ .37, p Ͻ .10). Note. WMS-R ϭ Wechsler Memory Scale-Revised (Wechsler, 1987) ; GMQ ϭ general memory quotient; DMQ ϭ delayed memory quotient (Wechsler, 1987) . a Benton (1968) . b Nelson (1976) . c Shallice and Evans (1978) . d Kopelman, Stanhope, and Kingsley (1997) .
e .
f Kopelman and Stanhope (1998) . Selected scattergrams displaying these relationships are shown in Figure 5 . As expected, herpes encephalitis patients tended to show the lowest medial temporal metabolism, and frontal patients showed the lowest dorsolateral prefrontal metabolism, but there was a more even distribution of the subgroups for retrosplenial metabolism, and common regression curves could be drawn for the two subgroups across all three scatters, accounting for 20.8% ( p Ͻ .04) to 39.7% ( p ϭ .002) of the variance.
To examine the effect of cerebral atrophy on the regional correlations observed, we entered MRI measures of regional brain volumes into a partial correlation analysis. These were derived from prior volumetric MRI segmentation analyses reported in Colchester et al. (2001) , comprising whole-brain volume, frontal lobe volume, temporal and medial temporal lobe volumes, and remaining posterior cortical volumes. Retrosplenial cortical volumes themselves were unavailable given the lack of unequivocal neuroanatomical boundaries and, thus, posterior brain volume was used as a marker of general cortical atrophy in this group of patients, in whom pathology was primarily in the frontal and temporal lobes. In this partial correlation analysis, the correlation between the memory factor and medial temporal metabolism was no longer statistically significant. The correlation between executive and dorsolateral prefrontal cortex was reduced from Ϫ.46 to Ϫ.37 (ns) when total frontal volume was used as a partial correlate. However, although the correlation between the memory factor and retrosplenial cortical metabolism was reduced from .63 to .39, after partialing out of the remaining brain volume, this remained significant on a one-tailed test with a p value of .03.
Discussion
Distinct patterns of metabolic change were observed in the herpes encephalitis and frontal lesion groups. On ROI analysis, the two frontal groups showed hypometabolism in the dorsolateral and orbitomedial frontal cortex as well as in the total frontal cortex and the anterior cingulate. This was more pronounced in the frontal tractotomy group-in whom there were widespread and bilateral frontal metabolic changes-than in the focal frontal group, in 4 of whom the lesions were unilateral. In contrast, the herpes encephalitis group showed severe hypometabolism throughout the temporal lobes on ROI analysis but did not show statistically significant frontal hypometabolism. As such, these findings corroborate the use of these groups to exemplify frontal and temporal lobe amnesia in earlier cognitive studies (e.g., Kopelman et al., 1999; Stanhope, Guinan, & Kopelman, 1998) . The SPM analyses have been used in this article to illustrate (Benton, 1968) . D: Correlations with percent perseverative errors of the modified card-sorting test (Nelson, 1976) . All figures are statistical parametric mapping (SPM96) maximal-intensity projections showing regional correlations in fluorodeoxyglucose uptake, with occipital uptake as reference covariate, across all subjects (N ϭ 21), displayed on a reference MRI in the horizontal (z) plane as specified ( p Ͻ .05, uncorrected for multiple comparisons). these changes in individual patients, and they indicate variety in both the location and the size of the metabolic "lesion." Although little overlap was observed between the two (frontal, herpes encephalitis) patient groups in either location or extent of metabolic impairment, commonalities of regional involvement emerged on the correlational analysis. Within the combined herpes encephalitis and frontal groups, there were significant correlations between the memory factor (derived from a factor analysis of findings on 11 cognitive tests) and retrosplenial and medial temporal metabolism on both ROI and SPM analyses. The SPM analysis demonstrated extensive involvement of the medial temporal lobes bilaterally, involving the hippocampi and parahippocampal gyri and extending into the right lateral temporal cortex and also into the retrosplenial cortex. The association with retrosplenial metabolism held good in both the herpes encephalitis and frontal groups, taken separately, on ROI analyses, whereas the correlations between memory and medial temporal cortical metabolism in these individual patient groups were not statistically significant. This correlation with retrosplenial metabolism could also be demonstrated across a number of individual memory tests: For example, the picture recall test showed even more extensive involvement of the retrosplenial cortex on SPM (see Figure 3D) . Scattergrams of the relationship between the memory factor and retrosplenial cortex showed overlap of the subjects from the two groups (see Figure 5A ), suggesting that this region of cortex is sensitive to changes in both frontal and medial temporal cortex. Furthermore, partialing out measures of cerebral atrophy did not eliminate the relationship between memory scores and retrosplenial metabolism, indicating that this relationship is not simply explicable in terms of cerebral atrophy. The fact that correlations with medial temporal metabolism were not so resilient in the present investigation may reflect the bimodal distribution of metabolic values-lower in herpes encephalitis patients than the frontal patients.
The findings also provide good evidence for an overall association between performance on executive tests and frontal lobe function, as indicated by regional brain metabolism, despite previous controversies regarding the specificity of the relationship between executive tests and frontal lobe functioning (e.g., Corcoran & Upton, 1993; Stuss et al., 2000) . In the present investigation, SPM analysis showed an association between dorsolateral frontal metabolism and the executive factor. There were also significant correlations on SPM between bilateral (predominantly left medial) frontal metabolism and both FAS verbal fluency scores and cardsorting perseverative errors. The relationship between the executive factor and dorsolateral frontal metabolism held good on the ROI analysis within the combined herpes encephalitis and frontal lesion groups but was not statistically significant when the small subgroups were considered. When measures of frontal atrophy were included in the analyses, the partial correlations on ROI were not significant.
The present finding of a pronounced association between retrosplenial metabolism and memory performance, taken together with Factor 2 (executive) and dorsolateral prefrontal cortex (r ϭ .46, p ϭ .038). The scattergrams show the correlations with the total population (N ϭ 21) and subdivided for the temporal and frontal groups, and the proportion of shared variance, R 2 (Rsq), between regional metabolism and cognitive scores is shown for each. previous findings of medial temporal hypometabolism in herpes patients, thalamic hypometabolism in hypoxic patients (Reed et al., 1999) , and relative diencephalic hypometabolism in Korsakoff patients (Reed et al., 2003) , is broadly consistent with previous indications of hypometabolism within these limbic-diencephalic structures in much smaller groups of memory-disordered patients (Aupée et al., 2001; Fazio et al., 1992) and also in Alzheimer patients (Desgranges et al., 1998 (Desgranges et al., , 2002 . This accords with the findings of lesion studies indicating the critical role of limbicdiencephalic circuitry in memory formation.
Retrosplenial activation has been obtained in a number of functional imaging investigations of healthy subjects, particularly with respect to topographical memory, as well as having been implicated in previous neuropsychological studies of memory-disordered patients (e.g., Maguire, 2001b; Valenstein et al., 1987) . The retrosplenial cortex is interconnected with both the hippocampus and the anterior thalamus (Valenstein et al., 1987) , which are critical in memory formation (Harding, Halliday, Caine, & Kril, 2000) . Anatomical studies using anterograde and retrograde tracing of pathways subtending the retrosplenial cortex in the rhesus monkey (Morris et al., 1999) have shown that this area has reciprocal connections with the middorsolateral part of the prefrontal cortex and with the posterior parahippocampal cortex and the entorhinal cortex. Morris et al. also showed reciprocal connections with the lateroposterior thalamic nucleus as well as with limbic thalamic nuclei, thus clearly implicating retrosplenial cortex in a network linking the frontal, temporal, and diencephalic regions involved in memory processing. An FDG-PET study in a patient with retrosplenial pathology and severe amnesia revealed thalamic as well as retrosplenial hypometabolism, which was interpreted in terms of a disconnection syndrome (Heilman et al., 1990) . Moreover, in less severe cases of Alzheimer's dementia, correlations have previously been reported between verbal memory and retrosplenial and medial temporal metabolism (Desgranges et al., 2002) . Taken together, these findings suggest that the retrosplenium may be particularly sensitive to changes either "upstream" or "downstream" in the memory circuits.
In conclusion, the present study clearly indicates that differing patterns of altered metabolism can be obtained in patients whose memory impairments result from sites of pathology within the frontal and temporal lobes. Furthermore, it has also demonstrated that meaningful correlations can be obtained between patterns of "resting" regional brain metabolism and cognitive tasks performed within a few days of the PET scan. Factor analysis of neuropsychological data revealed that memory performance was associated with retrosplenial and medial temporal metabolism, and executive function was associated with dorsolateral frontal metabolism. The strongest and most consistent correlation within the present patient groups was between anterograde memory function and retrosplenial metabolism, and we have suggested that the retrosplenium is particularly sensitive to functional change both "upstream" and "downstream." These observations add to the growing evidence of the importance of the retrosplenial cortex in memory performance and, thus, corroborate the links between cerebral metabolism and behavioral performance (Keri & Gulyas, 2003) .
